Abstract. We report on the commissioning of the table-top RF-Quadrupole storage ring PALLAS £ , dedicated to the experimental realization of crystalline ion beams. Images of large prolate 24 Mg · -ion crystals are presented, operating PALLAS locally as a linear rf-trap and applying laser-cooling, beautifully confirming prior theoretical and experimental work. For few-ion strings, a radial oscillation of the crystal was observed, stabilized only by additional indirectly cooled impurity ions. On the challenging way towards crystalline ion beams, we demonstrate the acceleration of an ion distribution initially at rest, i.e., the very first operation of PALLAS as a storage ring, still to be heavily improved. Further applications, as the systematic investigation of residual gas damping, or sympathetic cooling for, e.g., the mass determination of heavy radioactive isotopes are briefly discussed.
INTRODUCTION
The idea to guide and store ion beams in RFQuadrupole structures has many applications in modern accelerator physics. Besides the well-known mass analysis, ion guides gain importance as emittance improvers for, e.g., radioactive ion beams at ISOLDE (CERN) (1) , especially combined with residual gas damping (2) . RFQ-storage rings, i.e., ion guides bent to a circle, were suggested for the storage of intense low energy beams (3) and should principally allow the systematic investigation of ultra-cold ion beams down to the fully space-charge dominated regime, the crystalline ion beam (4, 5, 6) .
Regarding the latter in heavy ion storage rings like Astrid, TSR or ESR (7) , only a liquid-like Coulomb-order of very few heavy ions electron-cooled at the ESR (8) and a weak hint for beam ordering of dispersively lasercooled 9 Be · beams at the TSR (9) were reported up to now. This is believed to be due to the too low symmetry and periodicity of the corresponding lattice functions (10) . Nevertheless, low order crystalline structures were proposed to be reachable in the present machines (11) overcoming shear by well adapted gradient laser-cooling in combination with direct transverse laser-cooling (12) .
We therefore constructed the RF-Quadrupole storage ring PALLAS to experimentally elucidate fundamental issues of crystalline ion beams and as a prototype for a versatile class of 
EXPERIMENTAL SETUP
The PALLAS storage ring is constructed like an rfquadrupole trap bent to a closed circle with a diameter of 115 mm and an aperture radius of 2.5 mm, following (13) . Typically the trap is operated at an rf-frequency of As pointed out in fig. 1 , the quadrupole structure is surrounded by 16 segmented drift tubes, giving rise to an axial potential of 0.5 % of the voltage applied (5). These tubes can either be biased to manipulate the axial position of ions in the ring or independently switched to several 100 V at a present rate of 110 kHz, intended to accelerate stored 24 Mg · -ions to a velocity of about 5000 m/s.
Inside the trap, a weak effusive beam of (isotope enriched) 24 Mg-atoms is ionized by a focused electron beam (initially 10 mA at an energy of 80 eV). Ions produced are simultaneously laser-cooled applying two counterpropagating laser beams detuned to 300 MHz below the 3s 2 S 1 2 3p 2 P 3 2 transition used for Dopplercooling. Frequency doubled (14) dye lasers provide the required wavelength of 280 nm. The beams with a typical power of several mW are focused tangentially into the trap to a waist of 0 4 mm. While scanning the laser frequency to either probe or cool the ion distribution, the integrated fluorescence signal is recorded on a fast photomultiplier. Pictures of the ions are taken with an image intensified CCD camera at a constant laser detuning slightly below resonance to obtain maximum brightness.
To operate PALLAS as a linear ion trap, axial confinement has to be provided in the region where the laser is present. As demonstrated in fig. 2 , this is achieved by biasing the neighboring drift tubes to about 100 V. The remaining ground penetration then generates a small potential dip between these tubes (giving rise to an axial frequency of only 2π ¡ 650 Hz), ideally suited to confine an ensemble of cold ions, as described in the following section. 
EXPERIMENTAL RESULTS

Ion Crystals
Having in mind the formation of crystalline ion beams, the structural development of ion Coulomb-order was theoretically treated for elongated crystals under parabolic axial confinement (4, 15) . Introducing a dimensionless linear density λ a ¡N l in units of the WiegnerSeitz radius a (N being the number of ions per unit length l), ion crystals were predicted to develop from a linear chain over a zig-zag band to single and multiple shell helical structures with increasing λ. Up to now, these special structures have only been observed in linear (ring) traps (13, 16, 17, 18, 19) , being in excellent agreement with the upper MD simulations. 24 Mg · -ions and one "dark" ion. In the upper figure, the crystal ions exhibit strong radial oscillations, while strictly keeping their axial positions (as elucidated by the projections also shown). In the lower figure one "dark" ion has jumped into the structure, immediately (time resolution 50 ms) stabilizing the ion string (The recording time of the sequence presented was 1.8 s to improve spatial resolution).
Nevertheless, controlling these structures is a key requirement aiming for the first generation of crystalline beams in PALLAS. Besides the fact, that the ring trap was designed to minimize axial potentials wells, cold ions can be retained in the potential dip, discussed above. This enables the formation of very prolate ion crystals ( fig. 3) , on the one hand beautifully confirming preceding work. On the other hand, the development of the structure with increasing λ can be nicely followed. Yet, the transition between two different, almost degenerate states of a single shell helical structure (15) in the range of the linear density λ 2 to λ 3 is resolved in the one crystal in fig. 3c ). For even larger densities, the ions form multishell configurations, where the individual ions cannot be resolved any more.
A special feature of the axial potential ( fig. 2 ), being slightly weaker on the right side, carefully balanced by the laser-cooling force for 24 Mg · -ions, is its property to shift impurity ions, like N · 2 , that are not directly interacting with the laser to the right end of the crystal. Disabling this potential asymmetry and artificially loading additional "dark" ions into the trap still leads to well-shaped Coulomb crystals ( fig. 4) , although only few 24 Mg · -ions are directly cooled. Obviously, this effect of sympathetic cooling can be exploited to cool ions not sensitive to laser-cooling (20) and will be exploited as discussed below. Furthermore, a puzzling effect was often observed, reducing the ion number in a pure 24 Mg · crystal to only a few ions, expected to form a perfect linear chain. The ion crystal starts to oscillate radially while remaining axially perfectly cold. Inserting a single "dark" ion into the structure immediately stabilizes the ion string. Since laser-cooling predominantly influences the axial degree of freedom, the ion ensemble is sensitive to any small perturbance in the radial direction. Thus, it seems, that either the change in the collective mass of the crystal or the fact, that the dark ion enhances the energy transfer between the degrees of freedom is enough to suppress the immense radial oscillation of this few-ion crystal.
Ion Acceleration
To operate PALLAS as a storage ring, an ion ensemble initially at rest has to be accelerated and thereby overcome accidental potential wells, since presently the injection of ion beams (3) is not foreseen for technical reasons. Therefore, after loading the ring and eliminating impurity ions, the drift tubes have to be periodically switched (e.g., following a step like function suggested in (5)) with a synchronous frequency. After successful acceleration, continuous laser-cooling will maintain the beam velocity (21). The acceleration voltage will then be reduced to avoid unnecessary heating of the beam.
A very first test of this ion acceleration technique was undertaken using a low pressure (10 6 mbar) He buffer atmosphere to initially cool the ion distribution and provide some damping during continuous acceleration. The laser was only introduced to probe the distribution. In fig. 6 , the resulting velocity distribution is presented compared to the initial distribution. The ions were subject to a synchronous tube switching velocity of 1200 m/s. The mean energy was shifted by 870 m/s, but the distribution was also strongly heated.
DISCUSSION AND OUTLOOK
Summarizing, laser cooling of 24 Mg · ions weakly confined axially leads to the well-known formation of prolate ion crystals. Their perfect appearance assures at least in the section of the ring observed the trap quality, crucial for the storage ring operation. Here, despite of the first acceleration of ions, the scheme has to be strongly improved.
Being able to store beams in PALLAS will then allow systematic cooling studies concerning the formation of crystalline ion beams and their stability, predicted to critically depend on the lattice function of a storage ring. In contrast to a synchrotron, the focusing properties of an RFQ storage ring can be chosen over a wide range, varying the rf-potential or frequency. More generally, the operating conditions for such table-top storage rings will be studied in detail, opening a field for new applications where a finite unidirectional velocity of the particles is desired.
Furthermore, sympathetic cooling of, e.g, radioactive ions would allow to include ions of interest into an ordered structure, thereby strongly reducing their kinetic energy and precisely defining their spatial position. Analyzing the mass dependent secular frequencies of the ion species in the trap directly allows to non-destructively identify the particles involved, since the excitation of the "dark" ions is immediately transferred to the 24 Mg · ions via the strong Coulomb-coupling inside the crystal. Thus, the resonance-fluorescence of the continuously laser-cooled 24 Mg · ions decreases as a function of the excitation amplitude of the "dark" ions. This scheme could be further improved, exciting Eigenfrequencies of the strongly coupled system.
